main results and the role of chance: No embryo with PNB earlier than 20 h 45 min resulted in live birth. All six PN assessment models showed no significant distribution of scores (P ¼ NS) between the live birth and no live birth groups at 16 h post-fertilization (PF), 18 h PF and 40 min before PNB. The outcomes of assessments changed significantly (P , 0.001) over time and the time of PNB was found to be the optimal stage to evaluate the PN morphology.
Introduction
Elective single embryo transfer has been suggested as the most efficient approach to minimize multiple pregnancies resulting from assisted reproduction treatments (Cutting et al., 2008) .
The embryo selection routine in IVF clinics is based on a single observation by light microscopy at pre-set times (ALPHA and ESHRE, 2011) .
Among the different parameters evaluated, pronuclei (PN) scoring has been a subject of debate. While some studies have shown a prognostic effect of PN scoring (Scott and Smith, 1998; Tesarik and Greco, 1999; Scott et al., 2000; Tesarik et al., 2000; Balaban et al., 2001; Nagy et al., 2003; Scott, 2003) , some have identified a correlation between PN scoring and aneuploidy of embryos (Sadowy et al., 1998; Gianaroli et al., 2003; Edirisinghe et al., 2005) and some were not able to demonstrate such associations (Salumets et al., 2001; James et al., 2006; Weitzman et al., 2010; Bar-Yoseph et al., 2011) .
In previous studies and recommendations, PN assessment has been performed by a single observation between 16 and 18 h postfertilization (PF; Tesarik et al., 2000; Scott, 2003; ALPHA and ESHRE, 2011) .
Time-lapse technology has offered the opportunity to make multiple observations of embryo developmental rates (Lemmen et al., 2008; Wong et al., 2010) and of the PN development (Payne et al., 1997; Montag et al., 2011) . Since PN assessment describes PN development, a dynamic process reported as PN abutting, growing and coalescence of nuclear precursor bodies (NPB; Wright et al., 1990; Payne et al., 1997) , this multiple observation approach seems to be more suitable.
The aim of the present study was to explore PN development in embryos after ICSI by two previously used criteria and by four newly suggested criteria. Evaluation was performed at the extremes of the recommended lapse, 16 and 18 h PF and before PN breakdown (PNB). The PN morphology was related to the live birth outcome of the transferred embryos. Furthermore, the timing of PNB and second polar body extrusion after fertilization were evaluated.
Materials and Methods

Study group
This study included 159 zygotes obtained from 130 couples who underwent fertility treatment by ICSI in the Holbaek Fertility Clinic between 1 March 2010 and 30 August 2011.
The inclusion criteria for this study were couples using their own gametes where the female partner was aged ≤39 years and the reason for infertility was the male factor with a motile sperm count in the range of 1 -5 million spermatozoa per ejaculate.
We included all transfers of 4-cells embryos, with equal blastomeres and fragmentation ,25% and no multinucleation, cultured in a time-lapse culture system, from fertilization (Day 0) or from Day 1.
The National Ethical Committee of Medical Science of Denmark approved the study (approval number: SJ-250).
Oocyte recruitment and recovery
ICSI was performed in women with regular menstruation and normal ovaries detected by ultrasound. Ovarian stimulation was performed with recombinant follicular-stimulating hormone (rFSH; Gonal-F (Gardner et al., 2004 
Embryo analysis
The zygotes were retrospectively divided into two groups: (i) live birth group, if the transferred embryo resulted in a live birth and (ii) no live birth group. Transfers of two embryos with only one fetus delivered were excluded from the study. The no live birth group included nonimplanted embryos, defined as no detection by ultrasound of a heartbeat after 7 weeks, as well as biochemical pregnancies, defined as a positive hCG test without a gestational sac detected by ultrasound, and spontaneous abortions, defined as the spontaneous interruption of the pregnancy after detection by ultrasound of a heartbeat after 7 weeks of gestation. The live birth group included 37 embryos observed from Day 0 and 9 embryos from Day 1. The no live birth group included 108 embryos observed from Day 0 and 5 embryos from Day 1. Embryos cultured in a time-lapse set-up from fertilization were evaluated at three different times: (i) 16 h PF, (ii) 18 h PF and (iii) 40 min prior to PNB. Embryos cultured from Day 1 were evaluated only 40 min prior to PNB. The assessment of PNB was performed 40 min beforehand in favor of a recognizable PN morphology. The criteria for accepting fertilization as normal were the presence of 2 PN as well as second polar bodies. PNB was defined as the end of the PN envelope fading. Embryo selection for transfer was performed according to our routine protocol criteria: early cleavage at 26 h PF, development to at least four equal blastomeres at 44 h PF, ,25% fragmentation at 44 h PF and absence of multinucleation at 44 h PF. PN evaluation was not included in the routine selection criteria.
Time-lapse images were acquired every 20 min on seven focus planes with focal intervals of 15 mm, from fertilization until transfer on Day 2 (44 h PF).
We defined the fertilization process as the time of the first recorded frame of the second polar body extrusion, and PNB was defined as the first picture frame where PN were not observable.
PN evaluation
All zygotes were assessed in six different models:
(1) Z-score: According to the Z-score system (Z1, Z2, Z3, Z4), from Z1, suggested as the best, to Z4 (Scott, 2003) . (2) Consensus score: According to ALPHA and ESHRE consensus (ALPHA and ESHRE, 2011) . (3) PN envelope score: The assessment of zygotes into two categories: (i) PN with high-quality envelopes, in contact, and of equal size (difference ≤1/3) and centrally positioned (≤1/3 of the zygote diameter), versus (ii) PN envelope with low quality, without these characteristics. (4) Nuclear precursor body pattern score: The assessment of zygotes into three categories, respectively, from the best to the worst: (a) PN with ≤6 aligned and equal (difference ≤2) NPB, (b) PN with less than or equal to six non-aligned but equal (difference ≤2) NPB and (c) PN without these characteristics. (5) Nuclear precursor body quantity score: The assessment of zygotes into four categories, according to the difference in the number of NPB in each pronucleus, from the best to the worst: (a) equal number (when the divergance was ≤2), (b) low difference (when 3 ≤ 5), (c) high difference (when ≥6) and (d) high number when NPB exceeded 10 in both PN. (6) Nuclear precursor body polarization score: The assessment of zygotes, according to the position of NPB within each PN, into three categories. Each PN was evaluated as (i) when all NPB were aligned on the edge of PN membrane, (ii) when NPB were distributed only in the PN hemisphere in contact with the opposite PN and (ii) when NPB were scattered. Considering equal polarization as a positive indicator of quality (Tesarik and Greco, 1999; Gianaroli et al., 2003; Scott, 2003) , the equally distributed combination (AA, BB, CC) were grouped and compared with those with unequal combinations (AB, AC, BC). Considering NPB alignment as an indicator of development (Tesarik and Greco, 1999; Gianaroli et al., 2003) , combinations were scored from the best to the worst as following: AA, AB, BB, AC, BC, CC.
Every evaluation was strictly performed at the selected time, supported only by the change in the focus plane.
Statistical analyses
We used a standard Student's t-test to evaluate the average patient age and to assess time of two PB extrusion and PNB. Every time value, described as hour (h) and minutes (m), was reported with the standard error of the mean (+SEM) and P , 0.05 was considered significant. 
Results
Timing of second polar body extrusion and PNB
The average time interval from fertilization to second polar body extrusion did not differ significantly (NS; P ¼ 0.607) between zygotes resulting in live birth (3 h 47 min + 0 h 17 min) and zygotes that did not result in live birth (3 h 37 min + 0 h 11 min; Fig. 1 ). In contrast, the PNB time was associated with live birth, since the PNB time of zygotes resulting in live birth (24 h 52 min + 0 h 35 min) was significantly higher (P ¼ 0.022) than the PNB time of the no live birth group (23 h 10 min + 0 h 23 min; Fig. 1 ). No live birth was obtained if PNB was observed earlier than 20 h and 45 min PF, but this was observed in 20.3% of embryos from no live birth group.
PN evaluation
Z-score
The distribution of the four Z groups (Z1, Z2, Z3, Z4) did not differ between the live birth and no live birth zygotes in any of the three evaluations (16 h PF, NS; P ¼ 0.333; 18 h PF, NS; P ¼ 0.331; PNB, NS; P ¼ 0.916; Fig. 2A ).
In the zygotes that resulted in live birth, the distribution of Z groups differed significantly (P ¼ 0.001) between 16 h PF and PNB observations and significantly (P ¼ 0.043) between 18 h PF and PNB observations. In the zygotes that gave no live birth, the distribution of Z groups differed significantly (P ¼ 0.001) between 16 h PF and PNB observations and significantly (P ¼ 0.047) between 18 h PF and PNB ( Fig. 1 ; Table I) .
A significant improvement (P , 0.001) in the Z score over time was observed in zygotes ( Fig. 2B ) but no significant differences (NS; P ¼ 0.867) were observed when comparing the live birth and no live birth zygotes.
Consensus score
The distribution of the three groups according to the consensus score (symmetrical, non-symmetrical and abnormal) did not differ between zygotes resulting in live birth and no live birth in any of the three evaluations (16 h PF, NS, P ¼ 1.000; 18 h PF, NS, P ¼ 0.740; PNB, NS, P ¼ 0.893; Fig. 2C ).
The mean value of the consensus score improved significantly (P , 0.001) during the observation interval (Fig. 2D ) and this did not differ between the live birth and no live birth embryos (NS; P ¼ 0.520). 
PN envelope score
Assessing PN by their envelope morphology, no difference in distribution was observed at any time between the live birth and no live birth groups (16 h PF, NS, P ¼ 0.205; 18 h PF, NS, P ¼ 0.238; PNB, NS, P ¼ 1.000; Fig. 2E ).
Zygotes with a normal PN envelope position and size increased significantly (P , 0.001) from 16 h PF to PNB (Fig. 2F ), but no differences were observed between the live birth and no live birth zygotes (NS; P ¼ 0.209).
Nuclear precursor body pattern score
The distribution of NPB pattern did not differ between the live birth and no live birth groups in any of the three evaluations (16 h PF, NS, P ¼ 1.000; 18 h PF, NS, P ¼ 0.533; PNB, NS, P ¼ 0.841; Fig. 3A) .
The average score of NPB pattern increased significantly (P , 0.001) over time (Fig. 3B) , but was not different between the live birth and no live birth zygotes (NS; P ¼ 0.560).
Nuclear precursor body quantity score
The number of NPB did not differ between the live birth and no live birth zygotes in any of the three evaluations (16 h PF, NS, P ¼ 0.402; 18 h PF, NS, P ¼ 0.939; PNB, NS, P ¼ 0.510; Fig. 3C ).
The average score of NPB quantity increased significantly (P , 0.001) over time (Fig. 3D ) in both the groups, but was not different between the live birth and no live birth groups (NS; P ¼ 0.899).
Nuclear precursor body polarization score
The NPB polarization did not differ between the live birth and no live birth zygotes in any of the three evaluations (16 h PF, NS, P ¼ 0.198; 18 h PF, NS, P ¼ 0.718; PNB, NS, P ¼ 0.783; Fig. 3E ).
Zygotes with equal polarization (AA, BB, CC) were aggregated and compared with the unequal ones (AB, AC, BC). At any time, the two groups were almost identical (NS; P ¼ 0.603).
NPB polarization alignment increased significantly (P , 0.001) over time in both the groups (Fig. 3F ), without any difference between the live birth and no live birth groups (NS; P ¼ 0.494).
Gonadotrophin exposure, BMI and age distribution
Gonadotrophin exposure, expressed as units FSH per oocyte, did not significantly differ (NS; P ¼ 0.692) between the live birth group (436.6 + 82.5) and the no live birth group (401.6 + 45.4).
The maternal body mass index was not significant different (NS; P ¼ 0.075) between the two groups (live birth 23.6 + 0.6 versus no live birth 24.9 + 0.4).
Maternal age was lower in the live birth group (30.4 + 0.6 years) than that in no live birth group (31.9 + 0.5 years), but was not significantly different (NS; P ¼ 0.067).
Nonetheless, maternal age had no impact on PN scoring. When testing age subgroup ≥35 years old (live birth 37.1 + 0.6 years; no live birth 37.3 + 0.2 years; NS, P ¼ 0.676) and subgroup ≤29 years old (live birth 27.2 + 0.3 years; no live birth 27.3 + 0.3 years; NS, P ¼ 0.868), Z score distributions between the live birth and no live birth groups were not significantly different (P ¼ NS). The mean values of Z score for the two age subgroups improved over time (P , 0.001) without difference between the live birth and no live birth groups.
Discussion
This is the first study that evaluates the PN morphology at three distinct intervals (16 h PF, 18 h PF and close to PNB) by six different systems, in contrast to previous studies that have analyzed PN development by a single observation between 16 h and 18 h (Scott et al., 2000; Montag and van der Ven, 2001; Gianaroli et al., 2003) . We found that the time of observation was a determining factor since outcomes changed over time in all six models used.
The interval time from fertilization to second body extrusion showed no difference between the live birth and no live birth embryos and this may indicate a uniform activation of the second meiotic cleavage.
PNB, however, occurred later in the live birth embryos compared with no live birth embryos. The significant difference (P ¼ 0.022) was of 1 h and 42 min + 0 h 12 min. Moreover, we observed that none of the embryos resulting in live birth showed a PNB before 20 h 45 min. In contrast, 20.3% of the no live birth embryos showed PNB before 20 h 45 min. This is in contrast to previous studies by Lemmen et al. (2008) that has shown that earlier PNB was associated with a higher embryo potential. However, a recent morphokinetic study, focusing on timing of cell division, showed that too early cleavage may not be beneficial and maybe this supports our finding . A possible explanation of our results could be an impairment of the checkpoints regulating the embryo development path. Comparison of the Z score at different times between the live birth and no live birth embryos. Tot, Total number of embryos assessed in the group at each time.
Columns with same letters were significantly different:
We recommend not transferring embryos with PNB earlier than 20 h, as a security interval, if there is the opportunity to select between embryos. However, further studies should be performed to confirm our findings.
During this study of transferred embryos, no embryos were found to be in syngamy before 18 h PF, in contrast to previous studies of transferred and surplus embryos (ALPHA and ESHRE, 2011). As our study groups included only good morphology embryos, the Figure 3 The distribution and mean value at the three different times in the nuclear precursor body pattern score (A, B), nuclear precursor body quantity score (C, D) and nuclear precursor body polarization score (b, F) in transferred 4-cell embryos. (A) The distribution of nuclear precursor body pattern score: A ¼ PN with ≤6 aligned and equal (difference ≤2) NPB; B ¼ PN with ≤6 non-aligned and equal (difference ≤2) NPB; C ¼ PN without A and B characteristics. Columns with the same letters were significantly different: (a) P ¼ 0.008. (B) The cumulated mean of all nuclear precursor body pattern score values versus time (average score), tested by a linear regression test (linear prediction); the curve increment was seen to rise significantly over time (P , 0.001). (C) The distribution of nuclear precursor body quantity score: EN, equal number with ≤2 NPB; LD, low difference with 3 ≤ 5 NPB; HD, high difference with ≤6 NPB; HN, high number with .10 NPB in both PN. (D) The cumulated mean of all nuclear precursor body quantity score values versus time (average score), tested by a linear regression test (linear prediction); the curve increment was seen to rise significantly over time (P , 0.001). (E) The distribution of nuclear precursor body polarization score: A, aligned; B, distributed in juxtaposed hemisphere; C, Scattered. Columns with the same letters were significantly different: (a) P , 0.001. (F) The cumulated mean of all nuclear precursor body polarization score values versus time (average score), tested by a linear regression test (linear prediction); the curve increment was seen to rise significantly over time (P , 0.001). PN, pronuclei; NPB, nuclear precursor bodies; 16 h PF, 16 h post-fertilization; 18 h PF, 18 h postfertilization; PNB, pronuclei breakdown; L, live birth embryos; NL, no live birth embryos.
absence of embryos in syngamy at 18 h PF could be consistent with the idea that embryos cleaving earlier than 20 h PF have poor development (ALPHA and ESHRE, 2011) .
Concerning the Z score, we have reported for the first time that there is a limited but significant development of the PN during the observation time. Moreover, we have reported that a low rate of highquality configurations was detected, in contrast to previous studies (Scott, 2003; Scott et al., 2007; Weitzman et al., 2010) .
Within each group, no significant changes in the distribution of the Z score occurred between 16 h PF and 18 h PF, while a significant improvement was observed from 16 and 18 h PF to the PNB. Similar changes of distribution were observed in the other five PN scoring models. These results are consistent with the idea that PN goes through a development process (Tesarik and Kopecny, 1989; Payne et al., 1997; Scott et al., 2000) , associated with the ability to result in live birth. Since all these changes occurred in a short time interval, reliability of a single observation is questionable in this context.
The reason that underlies the differences between our scoring results and previous studies could be the evaluation approach. Based on recorded images, our assessments should be considered more objective, since repeatable and safer, in contrast to live single observations, which require assessment of the embryos in the shortest possible time, since microscopy light, as well as extra-incubator conditions, are harmful to the zygotes. Beside these considerations, our score distribution is consistent with previous studies (Payne et al., 2005; Bar-Yoseph et al., 2011) .
The abnormal category, according to the consensus score (ALPHA and ESHRE, 2011), was extremely infrequent in our study. Interestingly, a single NPB, considered as abnormal in mice (Svarcova et al., 2009) , was observed once in the live birth group and three times in no live birth group, suggesting that these embryos still have some development potential in this subpopulation of early embryos.
We evaluated the rate and the outcome of PN juxtaposed, of equal size and in a central position. In both the live birth and no live birth groups, we saw a higher number of zygotes without those characteristics at 16 h PF, but decreasing at 18 h PF and almost disappearing at the PNB. This suggest that 18 h PF and even more 16 h PF could be too early for PN envelope evaluation, since most of the abnormal PN were likely to achieve proper morphology, without affecting the embryo potential. These envelope abnormalities have been suggested as associated with poor quality (Scott, 2003) , while in this study we have not shown any difference between the two groups.
The differences in NPB number in each PN showed a progressive reduction, consistent with previous time-lapse observations describing NPB coalescence (Payne et al., 1997) . Zygotes with an NPB difference ≤2, suggested to be an indicator of zygote competence (Scott, 2003) , increased by time although remained low in both groups even at the final stage of development (41.3% of live birth zygotes versus 48.7% of no live birth zygotes), without a significant difference between the groups. Despite the suggestion that development is determinate by fusion of NPB (Tesarik and Kopecny, 1989) , 4.3% of embryos from the live birth group kept more than 10 small NPB in both PN, and 8.7% presented a difference over 5, indicating that in at least one PN the NPB fusion was incomplete. These findings could suggest that NPB have a strong tendency to coalescence, but do not predict embryo quality.
Equal distribution and alignment of NPB have been suggested as indicators of zygote quality (Scott and Smith, 1998) . In the present study, we could not demonstrate this assumption.
To investigate polarization, we tested a hypothetical ranking assuming more polarization as a good quality indicator. A strong tendency toward polarization has been observed in our study, with a definite increase in the most polarized categories, especially from 16 h PF to PNB. This may support the theory (Wright et al., 1990 ) that PN development involves NPB polarization toward the juxtaposed side of PN, although alignment cannot be regarded a necessary step to achieve a pregnancy. Indeed aligned PN, considered the best configuration, increased by time, but remained a minority even at the time of PNB (10.9% in live birth versus 8.0% in no live birth) in both groups, while a scattered configuration, although slight decreasing over time, continued to be dominant in both groups (26.1% in live birth versus 25.7% in no live birth).
Since no PN morphological parameter at any time was shown to predict development of the zygote to live birth, a rethinking of PN assessment has to be considered. Moreover, maternal age, as well as BMI and dose of FSH per MII oocyte, were not significantly associated with embryo development potential to result in a live birth.
In numerous studies, NPB have been defined as nucleoli (Wright et al., 1990; Payne et al., 1997 Payne et al., , 2005 Scott and Smith, 1998; Scott et al., 2000) although substantial differences are well established (Tesarik et al., 1986) . Nucleoli are sub-cellular organelles, constituted by three different compartments: fibrillar centers (FCs), surrounded by a dense fibrillar component (DFC), embedded in the granular component (GC; Boisvert et al., 2007; Sirri et al., 2008) . Nucleoli play a central role in cell cycle progression and proliferation, as well as ribosome synthesis, as ribosomal DNA situated and transcripted in FCs, is processed in DFC while final maturation and ribosomes assemblage occurs in GC compartment (Boisvert et al., 2007; Sirri et al., 2008) . In nucleoli several morphological alterations, such as size and number, are indicators of neoplasia, like prostatic adenocarcinoma, certain breast cancers and salivary glands tumors (Boisvert et al., 2007; Sirri et al., 2008) .
Nucleoli are disassembled during mitosis and reassembled in interphase, when transcription is reactivate (Hernandez-verdun et al., 2002; Boisvert et al., 2007; Sirri et al., 2008) . Nucleoli reassembly is supported by pre-nuclear bodies, small structures well conserved in plants and animals, that appear in late anaphase on the chromosomes surface, recruiting nucleolar-processing components, such as ribonuclear proteins, pre-rRNA and fibrillarin, released by the dissolving perichromosomal regions (Hernandez-verdun et al., 2002; Boisvert et al., 2007; Sirri et al., 2008) . Pre-nuclear bodies release early-and lateprocessing proteins that move to form nucleoli (Savino et al., 2001; Boisvert et al., 2007; Sirri et al., 2008) .
In early embryos, NPB are considered the precursor of nucleoli, instead of pre-nuclear bodies that have never been recognized at this stage. While pre-nuclear bodies are tiny (0.2 mm) with a loose and fibrillogranular structure, NPB are larger, with a tight homogeneous fibrillar organization, persisting along interphase and disassembling during cleavage (Zatsepina et al., 2003; Romanova et al., 2006) . NPB do not contain ribosomal DNA, but some of them interact with ribosomal DNA on the NPB surface, supporting the idea that they function as structural support to nucleate nucleoli, when the embryo resumes transcription (Zatsepina et al., 2003; Romanova et al., 2006) . Due to their different functions and their heterogenic activities (Zatsepina et al., 2003; Romanova et al., 2006) , NPB do not reflect nucleoli potential, as previously suggested (Scott, 2003) and may not be connected to neoplasia.
Despite this, these morphological features have been chosen as a quality indicator of the fertilized oocyte (Wright et al., 1990) , but the function of NPB fusion and polarization, as well as PN juxtaposition, are at present not explainable. This strongly suggests further studies are required to clarify the role and dynamics of the PN and NPB before using these characters in embryo selection.
Conclusion
In conclusion, PNB occurred significantly later in embryos resulting in live birth than in embryos not resulting in live birth. PNB in live birth embryos never occurred before 20 h 45 min. However, the development of the PN does not predicte the quality of the zygote, in terms of live birth potential.
